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Abstract 


An RF assisted biosensor for real time blood glucose monitoring in 
humans/animals is demonstrated utilizing the resonance 
characteristics of a Complimentary Stepped Impedance Resonator 
(CSIR). The resonator is excited using the reactive near field of an 
open circuit terminated microstrip transmission line. The proposed 
sensor is found to show linear variation from O to 3000mg/dl of 
glucose concentration in water. Experiments are carried out using 
animal tissues to confirm the feasibility as an implantable device. 
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Facts about Diabetes 


Estimated 7% of the population have Diabetes 
A leading cause of death and disability 
There is no cure for diabetes till date. 
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Blood Glucose 


The blood sugar concentration or blood glucose level is the 
amount of glucose present in the blood of a human or animal. 


* Primary Source of Energy 


* Stored in form of Lipids with 
the help of Insulin 

* Insulin provides the key for 
the Glucose to enter a cell and 
energise 

e Absence of Insulin glucose 
cannot enter the cell 


Centre for Research in Electromagnetics and Antennas, Dept. of Electronics, CUSAT, Cochin, Kerala 8 





Blood Glucose Regulation 


* The process by which the levels of blood sugar, primarily 
glucose, are maintained by the body 


* Keeps the body in homeostasis 
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Blood Glucose Regulation 









Glucagon Released |! 
by Alpha Cells 
of Pancreas 


Fat Calls Take In 
Glucose from Blood 
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Why Glycemic control ? 


Necessary to maintain human body in ‘Homeostasis’ 
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Glycemic control 


* The Blood glucose level in humans is measured in mg/dL 
or mmol/L 
e Normal Values are : 79.2 to 110 mg/dL (4.4 to 6.1 mmol/L) 


Disorders 


e Hyperglycemia : excessive amount of Glucose in the blood 
(»200mg/dL): Diabetes Mellitus 


e Hypoglycemia : fall in the Blood Glucose level 
(« 70mg/dL) 
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Symptoms of Glycemic disorder in human body 
















Central 
- Polydipsia 
- Polyphagia Eyes 
- Lethargy - Blurred vision 
- Stupor 
Breath 
Systemic - Smell of acetone 


- Weight loss 


Gastric 


Respiratory - Nausea 

- Kussmaul - Vomiting 
breathing - Abdominal 
(hyper- pain 


ventilation) 
Urinary 


- Polyuria 
- Glycosuria 
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Abnormal Glucose level will cause... 


Shakiness, anxiety, nervousness, Palpitations, tachycardia, Sweating, feeling of warmth 
(sympathetic muscarinic rather than adrenergic), Pallor, coldness, clamminess, Dilated pupils 
(mydriasis), — Hunger, borborygmus, Nausea, vomiting, abdominal discomfort, 


Headache, abdominal discomfort, Headache, Abnormal thinking. impaired 
judgment, Nonspecific dysphoria, moodiness, depression, crying, exaggerated concerns, 
Feeling of numbness, pins and needles (paresthesia), Negativism, irritability, belligerence, 


combativeness, rage, Personality change, emotional liability, Fatigue, weakness, 
apathy, lethargy, daydreaming, sleep disorder, Confusion, memory loss, light-headedness or 
dizziness, delirium, Staring, glassy look, blurred vision, double vision, Flashes of light in 
the field of vision, Automatic behaviour, also known as automatism, Difficulty speaking, slurred 


speech, Ataxia, incoordination, sometimes mistaken for drunkenness, Focal or 
general motor deficit, paralysis, hemiparesis, Stupor, COMA, abnormal breathing, 
Generalized or focal seizures, Blindness. 


Methods for Blood Glucose Monitoring 


Invasive Methods Non — Invasive Methods 
Chemical Methods |. Near-infrared spectroscopy 
1. Folin-Wu method 2. Ultrasound 
2. Benedict's method 3. Dielectric spectroscopy 


3. Nelson—Somogyi method 

4. Neocuproine method 

5. Shaeffer—Hartmann—Somogyi 
Enzymatic Methods 


1. Saifer—Gerstenfeld method 
2. Trinder method 

3. Kodak Ektachem 

4. Glucometer 


4. Fluorescent glucose biosensor 
5». RF- Based Methods 





Microwave Engineering & Technology 





I v = 
K qu > - mm 


Electromagnetic waves in the range 300MHz — 30GHZz, 
find applications from Kitchen to Space 


Then why not for 
*Bio-Sensing" ?. 
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Current Monitoring Methods 


* Common External Methods 
-Glucose levels are monitored periodically 
(Min 2-4 times daily) 
-Blood samples are required for most devices. 





-New testing strips must be used for each reading. E æ e 
* New Internal Methods iig 


-Continuous Glucose Monitoring (72 hours Max) 
-bmin intervals nearly 300 readings per day 


-Internal memory stores results 





-Used to identify patterns in glucose level variations 


Centre for Research in Electromagnetics 
and Antennas, Dept. of Electronics, CUSAT, 17 
Cochin, Kerala 


Methods for Blood Glucose Monitoring 


Enzymatic Method using Glucose Oxidase (GOx) 


OH 
o —— O 
m " HO + H,O 
deas e HO m 


HO `O 


D-glucose p-D-glucose oxygen D-glucono- hydrogen 
1,5-lactone peroxide 


The Glucose levels are estimated using the 
Colorimetric or Amperometric analysis of 
the obtained end products 
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Methods for Blood Glucose Monitoring 


Glucometer 





Uses Enzyme (Generally GOx) coated test strips which are analysed 
Amperometrically, to measure the Blood Glucose Level. 
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RF-Based Methods 


Backscatter Analysis 
Transmission Based Methods 
Impedance Analysis 
Resonator Based Bio-Sensors 


Electromagnetic sensing of glucose level 


* The biological tissue has distinct dispersive nature 





Microwave region corresponds to B and 6 
regions 


Complex permittivity 


"orm um a 


Frequency, Hz 


Dispersion regions of an ideal biological tissue 
(Martinsen, Grimnes, & Schwan, 2002) 
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RF-Based Methods 


e Backscatter Analysis 


Radiator 


vre 


~ Auman Body 








PNA and Processing 
Hardware 





za k= 


> Here the backscattered energy from the human body is analysed in time 
domain or frequency domain to get the bulk dielectric constant. 
> The glucose level is then derived using adequate signal processing. 
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RF-Based Methods 


* ‘Transmission Based Method 


PNA and Processing 
Hardware 






Antennal 
Antenna2 


Human Body 
» The transmission characteristics of the tissues are analysed to find out the 
glucose level. 
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RF-Based Methods 


e [mpedance Analysis 






PNA and Processing | 
Hardware 


Inner conducto 


Metal Ground 


> The Glucose levels are obtained from the analysis of the impedance 
characteristics of the tissues. 
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RF-Based Methods 


e Resonator Based Bio-Sensors 


PNA and Processing 
Hardware 





Sample Under Test 


Planar Resonator 
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Resonator Based Bio-Sensors 


> Higher Q - Factor 

> Less interaction with lossy tissues 

> Higher accuracy as the sample under test is of lesser quantity 
> Ease of signal processing and interpretation 


> Near Field sensing is utilized, hence reduced number of 
uncertainties 
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Focus of the Study 


Feasibility analysis of planar microwave resonators, for 
non/minimally invasive blood glucose monitoring system, 
based on observing the change in resonance frequency of 
the resonators which is a function of their geometry and the 
dielectric constant of the surrounding medium. 


Supporting Evidences for the Proposed Idea 


Blood Glucose is stored in the human body in form of lipids and the 
chemical properties of the lipids change as the glucose concentration 
varies, this property change is reflected as change in the dielectric 
constant of blood. 
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Supporting Evidences for the Proposed Idea 


These values justify that the major contribution to the 
dielectric constant variation in human blood is due to Glucose 
levels 


Variation of Blood Glucose : 30 mg/dl and 400 mg/dl 
Variation of sodium level 310 mg/dl to 333 mg/dl 
Variation of chloride level — : 337mg/dl to 372 mg/dl 


Other minerals : magnesium: 1.8-3.4 mg/dl, calcium: 8.5-10.5 mg/dl, 
potassium: 13.6-21.4 mg/dl 


REF : Erdem Topsakal, Tutku Karacolak, and Elaine C. Moreland, *Glucose-Dependent Dielectric Properties of Blood P lasma", 978-1-4244- 
6051-9 , IEEE , 2011 
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Variation 1n the Dielectric Properties of Blood with 
Glucose Concentration 


14+ 


13 


b 


HN ee 


1.0 


0.9 





0 5 10 15 20 
The normalized cell membrane capacitance of biconcave erythrocyte suspensions 
as a function of D-glucose (open circles) and L-glucose (full circles) concentration. 


REF : Anas Mazady “Non-invasive Glucose Meter’, Electrical and Computer Engineering Department, The University of Connecticut, Storrs, CT 
06269-2157 
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Variation 1n the Dielectric Properties of Blood with 
Glucose Concentration 


Blood Permittivity at 5 GHz 


Collected Data Points 
Modified Cole-Cole Model 








0 50 100 150 200 250 300 390 
Blood Glucose Concentration (mg/dL) 


Dielectric constant of blood as a function of glucose concentration (Freer, March 2011) 


REF : Anas Mazady “Non-invasive Glucose Meter”, Electrical and Computer Engineering Department, The University of Connecticut, Storrs, CT 
06269-2157 
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Challenges to be Handled 


Insulation / FA Yj ^ f 
* Loss Tangent of Human Body M Ye 
k 
* Bio Co pen atibility b 
* Resolutio 





occurs when 


Choice of Resonators 


Two well known high Q sub-wavelength resonators are used for the 
study 


° The Split Ring Resonator (SRR) and its complimentary structure 
(CSRR) 

* The Stepped Impedance Resonator (SIR) and its Complimentary 
(CSIR) 


Complimentary Split Ring Resonator (CSRR) 


Substrate used - Rogers RT/Duroid 5880 
Relative permittivity - 2.2 

Height (h) - 0.8mm 

External radius (rex) - 5mm 
Width of rings (w) - 0.4mm 

Gap between the rings (d) - 0.4mm 
Operating Frequency - 2.700 GHz. 





The Fabricated 
CSRR structure 





E — 
2nvLC = - 
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Theoretical Analysis 


The Equivalent Circuit and the characteristic expression of SRR. 


1 
C = 0.217 + (£0.05 9(2r.4 + £, — 5)]1(0.437w, — 0.317w2 
- - + 0.07w3)(3.3367e73741 — 0.1955¢e7°47")} 
0.599 





| 599h 
+ (0.05€, — 0.218) + (7—— ———— — 0.599) 
| j 0.0248 +h 
CREMA SRR OPTIMISER 
Anjupradeep ,S.Mridula 8P. Mohanan —W3 ne 
UL PREDICTED exc eda L = 2.57e v2 (Toe ME 2.21d, mE z) 


DESIRED FREQUENCY (in GHz)}= 


EXTERNAL RADIUS (in mm)- 


SUBSTRATE HEIGHT(in mm)- 


X Where w4 =w, Ws =2, W3 =W 

SUESTRATE DELECTRIC CONSTANT m: for d<1 W4 — w/3, w5 — 1.414 w, 

w= w/1.414 for d>1mm; d4 = d for d=1 mm; 
and d, = 1.414d for d>1mm. 


Press calculate to obtain SRR parameters 


ce 





REF :Anju Pradeep, S. Mridula and P.Mohanan, “Design of an Edge-Coupled Dual- Ring Split-Ring Resonator”, Antennas and Propagation 
Magazine, IEEE Volume: 53, Page(s): 45 — 54, 2011. 
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Stepped Impedance Resonator 


The Stepped Impedance Resonator (SIR) is a transmission line 
loaded with lumped impedances. 





K E Z> 
IN Z, 
a = P2 
K = Impedance Ratio | , E 0, +. 0. 


œa = Length Ratio 


Microstrip version of SIR 
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Stepped Impedance Resonator 


Resonant conditions of an SIR 


K.cot (5 o. . 0, ) — tan l 1(—a). 0, | for odd mode ( fundamental, 2°“ harmonic, etc.) 


K.cot ( a . 0, ) = —cot l 1(—a). 0, | for even mode ( 1°‘ harmonic, 3™ harmonic, etc.) 


E Field([¥_per_m Jsurf[A^. per. .m] 
3. 3400e-001 





A’ 





Electric field distribution in SIR at fundamental mode Surface current distribution in SIR at first harmonic mode 


Odd mode : There is a voltage (E field) null Even mode: There is no current flow through 
along the symmetrical plane A-A’ the symmetrical plane A-A' 


Centre for Research in Electromagnetics and Antennas, Dept. of Electronics, CUSAT, Cochin, Kerala 37 


Stepped Impedance Resonator 


Resonant modes of SIR can be independently controlled by either varying K or a 


Length Ratio (o) 





1.0 1.5 2.0 2.5 3.0 3.5 4.0 
fs4/fo 


Relationship between Length Ratio (a) and fs,/fo 
for different Impedance Ratio (K) 
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Variations in the Fundamental mode and 1st harmonic 
mode 


0.8 0.8 
3 s 
= 2 06 | 
EU == [, - Theoretical E —- [, - Theoretical 
- i 
z =. fs, - Theoretical = =——>-- fs,- Theoretical 

I .&i 
s —g— Í, -Simulation —o— f, -Simulation 
of £ =m- fs,- Simulation 
7 04 —m- - fs, - Simulation * 0.4 i 
=" ee gm Measured f, and fs, 
LT i ü 1 
0.2 4 
0.2 





| 3 4 5 8 
3 4 5 6 7 8 Frequency (GHz) 
Frequency (GHz) 


With different o values 
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Variations in the Fundamental mode and 1st harmonic 
mode 


Impedance Ratio (K) 





T 5 
| 
l 
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4 
a i —— f, - Theoretical 
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2 —G— Í, - Simulation 
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f, - Simulation l E 
fs, - Simulation + 
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"e 
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With different K values 
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CSIR 


The Complimentary Stepped Impedance Resonator (CSIR) used for 
the study is a complimentary structure derived from a quarter wave- 
length planar microstrip Stepped Impedance Resonator. 


Design and Optimized Dimensions 





0.8mm Substrate - RT/Duroid 5880 (Relative Permittivity -2.2) ° 
Y. The Fabricated 
Via to GND 0. m radius (22 = TM z P C S IR 
> "m mi pL c—nn 
^ T6641mm ' 6641mm , 16641mm " 77044mm 7044mm 
MA (7 
tana 1 tana y R 7 Condition for resonance of quarter wave SIR 


Centre for Research in Electromagnetics and Antennas, Dept. of Electronics, CUSAT, Cochin, Kerala 41 


Preliminary Work Done 


Monostatic antenna setup used for the measurement of backscattered 


energy from the resonator. 


4) MAA e 
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E 
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Scale 
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Measurement Results (CSRR) 


Response of the CSRR to various fluids 


Castor Oil 
Coconut Oil 
Disel 
— — Free Space 
Gingley Oil 
— — Hydrogen Peroxide 
—— — Olive Oil 
—— — Water 


Response of the CSRR to animal tissues 


(S11(Sample) - S11(Without Sample) )dB 





4.5 5.0 5.5 6.0 


Frequency (GHz) 


Polyethylene coating 





(S11(Sample) - S11(Without Sample) )dB 








CSRR Structure 
RT/Duroid 5880 
Free Space 
Loaded with superstrate - Free Space 
Flesh Layer on top 
. . . Loaded with superstrate - Flesh Layer on top 
Dielectric Backing 
(Er = 4.4, h = 0.8mm) 
4.5 5.0 5.5 6.0 
Ground Plane Frequency GHz 


Cross Section View of CSRR sensor 


Centre for Research in Electromagnetics and Antennas, Dept. of Electronics, CUSAT, Cochin, Kerala 43 


Measurement Results (CSIR) 


Response of CSIR to Fluids 


— Free Space 

—— Castor Oil 

——— Coconut Oil 

— Disel 

— Gingley Oil 
Isopropyl Alcohol 

—— — Olive Oil 

— — Water 


Response of the CSIR to Animal tissues 


(S11(Sample) - $11(Without Sample) )dB 





Frequency GHz 


Polyethylene coating 
CSIR Structure 


RT/Duroid 5880 





— Free Space 
—— Flesh layer on top 
——— Skin layer on top 


(S11(Sample) - 811(Without Sample) )dB 


Dielectric Backing 1.6mm (FR 4) 








Ground Plane 


. . Frequency (GHz) 
Cross Section View of CSIR sensor 
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Conclusion (Backscatter Analysis) 


The backscatter analysis technique shows that the resonators distinguish 
between fluids with different dielectric constant and animal tissues 


The drawbacks of the method are 
» Difficulty in maintaining a constant volume of sample under test 


» Uncertainty due to arrangement (Space, orientation of the resonator, 
ambient interference etc...) 


» Lesser magnitude of response to fluids of dispersive nature, like water, 
hydrogen peroxide etc.. 


Proximity Excitation Techniques 


The resonators are excited using the near field of a 50 Ohms Microstrip 
transmission line. 








Feed Point Open end terminated 50 Ohm 
Microstrip transmission Line 


Resonator Structure CSRR/CSIR 
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The Experimental Setup 


_-~ Plastic Cup 


Microstrip Line 
|, 7 Resonator | 


Substrate 








The concentration of the glucose is varied from O to 3000mg/dl 
providing enough settling time for a homogenous concentration. The 
change in resonance frequency of the resonator is observed using the 
ZVB20 PNA, with a frequency span of 1OMHz to 3GHz and 6096 
measurement points. 
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$11 dB 


2.062 





2.064 


Measurement Results 


Response of the proximity fed 
CSRR to Glucose concentration 


2 0682 

2.068 
2 0678 
2 0676 


2 0674 


2 0672 


2 067 
2.066 2.068 2.070 2.072 2.074 
2 0668 


Resonant Frequency (GHz) 


Frequency GHz 
2 566 


2 ü664 





2 0662 
Ü SU 1000 1500 2000 2500 3000 3500 


Glucose Level (ma/al) 
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511 dB 





1.66 


Measurement Results 


Response of the proximity fed 
CSIR to Glucose concentration 


1.683 
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Measurement Results (contd....) 


Response to Animal Tissues 


3mm _ thick layers of 
blood drained flesh 
and skin tissues of a 
bovine animal are 
used for the analysis 


Biological Relative Loss Tangent 
Tissue (Bovine) | Permittivity 









Skin Tissues(Wet) | — 17-30 
Blood | 58 | 027 -. 


REF : Camelia Gabriel, “Compilation of the dielectric properties of body Tissues at RF and microwave frequencies”, Physics Department, King's 
College London, London WC2R 2LS, UK., 1996 
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Muscle Tissues 
58 


50 


Measurement Results (contd....) 


$11 dB 


Free 

Flesh Layer 

Skin Layer 

Flesh + skin Layer 
Large Lump of Flesh 





1.0 T 1.4 1.6 1.8 2.0 zs 2.4 


Frequency GHz 


Response of proximity fed CSRR 
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Measurement Results (contd....) 


$11 dB 


Flesh Layer 
—— — Skin Layer 

Flesh + Skin Layer 
—— Large Lump of Flesh 





1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4 


Frequency GHz 


Response of proximity fed CSIR 
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Discussions and Future Plans 


e The proposed study proves the concept of using CSIR as 
an efficient biosensor for blood glucose monitoring 


Future Plans 


e Labelling 

e Bio — compatibility 
e Calibration 

* SAR Studies 
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Electromagnetic sensing of glucose level 


Cole-Cole model is the most well-known for its success to 
compute permittivity of different cells over a broad frequency 


range (Gabriel, Lau, & Gabriel, 1996). 





§(0)= 6, + 
Ly (jor. ) Fa)" JOE, 


Where, £(o) 1s the complex permittivity of the specific tissue 


r 1s the time constant 
é,, 18 the permittivity when @r >>1 or at high frequencies 
a 1s Called the distribution parameter, which 1s a measure of the broadening of 


the dispersion region 
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